The Brn-3 subfamily of POU domain transcription factors consists of Brn-3a, -3b, and -3c, which are important regulators for sensorineural development. Despite the expression of all three factors in retinal ganglion cells, earlier studies have shown that Brn-3b is the only one among the three Brn-3 genes that is essential for development of Ç70% of ganglion cells in the murine retina. I report here that Brn-3b displays a spatiotemporal expression pattern characteristic of the dynamic profile of ganglion cell genesis during murine retinal development. Moreover, it is initially turned on in postmitotic ganglion cell precursors 2 days before the onset of Brn-3a and -3c expression in differentiated ganglion cells. During the entire period of retinal ganglion cell genesis, the postmitotic ganglion cell precursors that would normally become Brn-3b / cells fail to properly differentiate in Brn-3b 0/0 mice, as evidenced by a twofold reduction in the optic nerve size and diminished expression of several ganglion cell markers. The undifferentiated ganglion cell precursors appear to be degenerated by apoptosis within the ganglion cell layer during the perinatal and early postnatal period. I propose that retinal ganglion cells develop following two separate differentiation pathways -Brn-3b dependent and Brn-3b independent. In the Brn-3b-dependent mechanism, Brn-3b may be required to initiate a particular differentiation program for a large set of postmitotic ganglion precursors to properly differentiate into the 70%, Brn-3b-dependent retinal ganglion cells. ᭧ 1998 Academic Press
INTRODUCTION
strict cell lineages, but rather depending on local environment and cell-cell interactions (Turner and Cepko, 1987; Turner A central issue in neural development is understanding the et al., 1990) . Based on these data, it has been postulated that molecular regulatory networks that govern the specification retinal progenitors may pass through successive and distinct and differentiation of numerous highly specialized neurons stages of competence for the ordered generation of cell types from a limited number of neuroblasts. The retina has long (Cepko et al., 1996) . served as a model system for studies of the development of During murine retinogenesis, ganglion cells are produced the vertebrate central nervous system. During retinogenesis, over a time course spanning from embryonic day 11 (E11) birthdating analysis by tritiated thymidine labeling has reto postnatal day 3 (P3) (Sidman, 1961; Young, 1985) . Howvealed a loose temporal order of generation of the six neuronal ever, the large majority of ganglion cells are generated in a and one glial cell types in the retina (Sidman, 1961; Young, narrow window between E13 and E16. Although much is 1985). For instance, retinal ganglion cells are always the first known about the ontogeny of retinal ganglion cells, little cell type to become postmitotic, and rods and bipolar cells is understood about the molecular bases that control their are among the last to be produced, while multiple cell types determination and differentiation. In the past several years, can be generated at any given age of retinal development several transcription factors have been found in retinal gan- (Altshuler et al., 1991) . This orderly and overlapping sequence glion cells that may be involved in their development. of generation of retinal cell types can be explained in part by These include the POU domain factors Brn-3a/Brn-3.0, Brnthe presence of progenitors with temporally regulated and 3b/Brn-3.2, Brn-3c/Brn-3.1 (Xiang et al., 1993 (Xiang et al., , 1995 ; Gerrero biased developmental potentials (Alexiades and Cepko, 1997 Cepko, ). et al., 1993 Turner et al., 1994) , and RPF-1 (Zhou et al., Lineage tracing studies using retrovirus-carrying reporters 1996); the HLH transcription factor Olf-1 (Davis and Reed, have shown that retinal progenitors are multipotent, sug-1996) ; and the LIM type homeodomain factor Isl-1 ( Thor et al., 1991) . gesting that retinal cells are determined without following Brn-3a, -3b, and -3c constitute a small subfamily of POU sion properties during retinogenesis. I now report that Brn3b is initially turned on in postmitotic ganglion cell precurdomain transcription factors characterized by a bipartite DNA binding domain-the POU domain, which was inisors 2 days before the onset expression of Brn-3a and -3c in differentiated ganglion cells during murine retinal developtially identified in the pituitary-specific factor Pit-1, the octamer binding factors Oct-1 and Oct-2, and the Caenoment. The Brn-3b-dependent ganglion cells fail to properly differentiate in Brn-3b 0/0 retinae as evidenced by diminrhabditis elegans Unc-86 (Herr et al., 1988) . Many of the POU domain factors have distinct expression patterns in ished expression of several ganglion cell markers and reduced optic nerve sizes in early Brn-3b 0/0 embryos. Delethe nervous system and are shown to play important roles in neural development (Ryan and Rosenfeld, 1997) . The Brntion of Brn-3b also prompts increased cell death in perinatal and early postnatal retinae. Together, these data suggest 3 genes are vertebrate homologues of the C. elegans gene Unc-86 (Finney et al., 1988) and the Drosophila gene I-POU that Brn-3b is required for initial differentiation of the 70%, Brn-3b-dependent retinal ganglion cells. (Treacy et al., 1991) . Unc-86 is asymmetrically expressed in a number of mitotic and postmitotic neural cell lineages and is essential for proper development of multiple cells including mechanosensory neurons (Chalfie et al., 1981;  Baumeister et al., 1996) . In vertebrate retinae, the three Brn-3 proteins are localized in distinct, but largely overlapping
MATERIALS AND METHODS

Experimental Animals
subsets of ganglion cells (Xiang et al., 1993 (Xiang et al., , 1995 . During early murine and macaque retinal development, Brn-3b exWild-type C57BL/6J mice were purchased from The Jackson Laboratory. The day on which the copulatory plug was observed was pression is found in not only the ganglion cell layer but also referred to as embryonic day 0.5, and the day of birth was considered the ventricular zone, which contains largely proliferative postnatal day 0. Brn-3b //0 and Brn-3b 0/0 mice were derived by retinal progenitors and a small portion of postmitotic cells targeted gene deletion as described . For compari- Meissirel et al., 1997 Erkman et al., 1996) , demonstrating a critical mice at E13.5 and E15.5 were injected intraperitoneally twice at 2-role for Brn-3b in retinal ganglion cell development. Howh intervals with 5-bromodeoxyuridine (BrdU; Sigma) in PBS at a ever, it is still unclear whether ganglion cells become lost dose of 100 mg/kg body weight. prenatally or postnatally in the Brn-3b 0/0 retina. Furthermore, the developmental mechanism underlying ganglion cell loss in Brn-3b 0/0 retinae remains unknown. Similar
Immunohistochemistry and Histochemistry
gene targeting analyses have revealed an essential role for Brn-3a in development of the somatosensory ganglion neu-average of the lengths of the long and short axes of the cross section cell generation. Brn-3a and -3c, by contrast, start to express was taken as its diameter.
in the retina at E13.5, which is 2 days after the onset of Brn-3b expression. Moreover, both proteins are localized only in the differentiated ganglion cells within the ganglion
Terminal dUTP Nick End Labeling (TUNEL)
cell layer during the entire period of retinogenesis (Figs. 1A-1D, 1M-1P, and 1I-1L, 1U-1X) . Hence, Brn-3a and -3c
The TUNEL procedure was adapted from Portera-Cailiau et al. (1994) with the following modifications: (1) frozen instead of parafare unlikely to be involved in early retinal ganglion cell fin sections were utilized; (2) proteinase K treatment of sections differentiation as judged by their belated expression in dewas omitted; instead, sections were incubated in 0.1% Triton Xvelopment. In the developing retinae, Brn-3b and -3a are 100 in PBS for 2 min at RT following inactivation of endogenous each expressed in a larger subset of retinal ganglion cells peroxidase activity in 3% H 2 O 2 ; and (3) to reduce background, 8 mM than is Brn-3c, consistent with their distribution in the instead of 40 mM biotinylated 16-dUTP was used in the terminal adult retina ( Fig. 1 ; Xiang et al., 1995) . Interestingly, all deoxynucleotidyltransferase reaction. three Brn-3 antibodies labeled severalfold more cells in the late embryonic retinae than in the early postnatal retinae (e.g., compare Figs. 1N and 1P, 1R and 1T, 1V and 1X) ,
RESULTS
lending support to the notion that a great number of ganglion cells undergo histogenetic cell death (apoptosis) in
Expression of Brn-3b in Postmitotic Retinal
perinatal and early postnatal stages (Young, 1984; Galli- Resta and Ensini, 1996) .
Ganglion Cell Precursors
In the developing retinae, the cells expressing Brn-3b in Both Brn-3b and Brn-3a are expressed in Ç70% of ganglion cells within the adult mouse retina, and Brn-3c is found in the ventricular zone could be mitotic progenitors or postmitotic ganglion cell precursors en route to the ganglion cell Ç30% of them (Xiang et al., 1995) . Yet, only Brn-3b 0/0 mice have a loss of Ç70% of retinal ganglion cells, and Brn-3a 0/0 layer or both. To distinguish these possibilities, S-phase cells within E13.5 and E15.5 retinae were pulse-labeled by the and Brn-3c 0/0 retinae show a grossly normal development Erkman et al., 1996; Xiang et al., 1996, thymidine analog BrdU, and double-immunostaining was performed using anti-Brn-3b and anti-BrdU antibodies (Fig.  1997a) . To test whether this correlated with the temporal and spatial orders of expression of the Brn-3 family members 2). In the retinae prepared from both stages, anti-Brn-3b stained a small number of scattered cells within the ventricwithin the developing retinae, expression profiles of Brn-3 proteins were examined and compared during murine retiular zone, which appeared not to overlap any of the large number of proliferative cells labeled by anti-BrdU (Fig. 2) . nogenesis. Mouse retinal sections prepared from stages E10.5-P7 were immunostained with anti-Brn-3a, anti-BrnAt E13.5, 147 cells that were positive only for Brn-3b were counted in the ventricular zone, and at E15.5, 78 cells that 3b, and anti-Brn-3c antibodies (Fig. 1) . The specificity of these antibodies was previously demonstrated by Western were positive only for Brn-3b were counted. None of the cells in the ventricular zone could be unambiguously identified as blotting, distinct tissue labeling patterns, and selective elimination of staining in mice carrying a deletion of the a cell positive for both Brn-3b and BrdU. Thus, Brn-3b appears to be turned on initially in the postmitotic ganglion corresponding gene (Xiang et al., 1998) .
While Brn-3b protein expression is not found in E10.5 cell precursors, including both premigrating and migrating ones, and may be required for their initial differentiation. retinae, it starts to express in a small number of cells at E11.5, coincident with the beginning of ganglion cell generation at this stage (Fig. 1E; Young, 1985) . At E12.5, Brn-
Onset of Ganglion Cell Loss Occurs Prenatally
3b expression is confined to the central part of the retina,
Rather Than Postnatally in Brn-3b
0/0 Retinae consistent with the fact that retinas mature from the center to the periphery. In addition to its expression within the Immediate expression of Brn-3b in the postmitotic retinal ganglion cell precursors suggested a role for Brn-3b in early ganglion cell layer, Brn-3b is found in scattered cells of the proliferative ventricular zone. Furthermore, the number of steps of ganglion cell differentiation. If so, ganglion cell loss would be expected in the embryonic Brn-3b 0/0 retinae, alcells expressing Brn-3b in the ventricular zone increases to a peak from E13.5 to E16.5 (Figs. 1G, 1H, and 1Q), correthough an earlier characterization of Brn-3b 0/0 mice suggested that retinal ganglion cell loss might occur postnatally sponding to a time window during which the large majority of ganglion cells are born. From E18.5 to P3, only occasional (Erkman et al., 1996) . To test the timing of retinal ganglion cell loss, retinal sections from Brn-3b //0 and Brn-3b 0/0 litcells in the ventricular zone can be observed to express Brn3b (Figs. 1R and 1S) ; correspondingly, only a minor number ters at P0, P1, P4, and P7 were examined by histochemical staining and immunohistochemistry using antibodies of ganglion cells are produced during this developmental period (Young, 1985) . By P3, all the ganglion cells are born, against several ganglion cell markers (Fig. 3 ). Due to the significant variation in ganglion cell density in different and Brn-3b expression is never found in the outer layer of the retina from P3 to adult (Fig. 1T) . Therefore, the temporal regions of the mouse retina (Drager and Olsen, 1981) , only sections prepared from the same region of Brn-3b 0/0 and and spatial pattern of Brn-3b expression in the ventricular zone closely correlates with the profile of retinal ganglion control Brn-3b //0 retinae were analyzed and compared. Morphological difference between Brn-3b //0 and Brn-3b
number of ganglion cells in neonatal as well as in P1, P4, and P7 retinae (Figs. 3C-3H). In addition, the optic nerves of Brnretinae was examined by histochemical labeling with cresyl violet and with a nuclear dye, Sytox. Like adult retinae (Gan 3b //0 pups were also strongly stained by anti-Thy-1, but those of Brn-3b 0/0 pups were only faintly labeled (Figs. 3E and 3F). et al., 1996) , the neonatal and early postnatal Brn-3b 0/0 retinae were found to have a similar thinning in the ganglion cell layer Since in the optic nerve anti-Thy-1 stained axons projecting from retinal ganglion cells, the decrease in Thy-1 immunoreacwhen compared to Brn-3b //0 retinae. For instance, at P1, the ganglion cell layer of Brn-3b //0 central retinae was three to tivity indicated a significant loss of axons and hence of ganglion cells in neonatal and early postnatal Brn-3b 0/0 retinae. five cells thick, whereas that of Brn-3b 0/0 central retinae was only two to three cells thick (Figs. 3A and 3B ). Thy-1 is a
To determine whether the missing ganglion cells in neonatal and early postnatal Brn-3b 0/0 retinae were those that surface glycoprotein specifically expressed from birth to adulthood in all ganglion cells of the rodent retina, although it is would normally express Brn-3b, P1 Brn-3b 0/0 and control Brn-3b //0 retinae were examined for transcription factors also widely found in various tissues in both developing and adult rodents (Liu et al., 1996) . As shown by immunostainBrn-3a, Brn-3c, Olf-1, and RPF-1, cell markers whose expression overlapped that of Brn-3b to different degrees in ganing with an anti-Thy-1 antibody, the cell loss within the Brn-3b 0/0 ganglion cell layer was due to a reduction in the glion cells. In the adult mouse retina, Brn-3a / ganglion cells
FIG. 1.
Expression patterns of Brn-3 proteins in the developing mouse retina. Retinal sections from various indicated developmental stages were immunostained with anti-Brn-3a, anti-Brn-3b, and anti-Brn-3c antibodies. Brn-3b commences its expression in occasional cells (as indicated by the arrowhead) of E11.5 retinae. At E12.5-E19.5, it is localized in a large number of cells in the ganglion cell layer (GCL), as well as in scattered cells (as indicated by arrows) within the ventricular zone (VZ). From P3 to adult, Brn-3b is not observed in the outer retinal layer. Brn-3a and -3c are found only in cells of the GCL beginning at E13.5. In this and following figures with retinal sections, photomicrographs are aligned with the pigment epithelium toward the top and the vitreal surface toward the bottom. Scale bars represent 50 mm in B, F, and J and 25 mm in the rest.
FIG. 3. Loss of retinal ganglion cells in early postnatal
Brn-3b 0/0 mice. In Brn-3b 0/0 retinae, compared with Brn-3b //0 retinae, the number of nuclei is reduced in the ganglion cell layer as seen by Sytox staining at P1 (A and B); Thy-1 immunoreactivity is greatly reduced at P0 (C and D), P4 (E and F), and P7 (G and H). In P1 Brn-3b 0/0 retinae, the number of cells immunoreactive for Brn-3a (I and J), Brn-3c (K and L), Olf-1 (M and N), and RPF-1 (O and P) are all decreased. on, optic nerve. Scale bar, A -D and I-P, 25 mm; E and F, 100 mm; G and H, 50 mm.
largely overlap the Brn-3b
/ cells, and Brn-3c / cells are cells (Davis and Reed, 1996; . To evaluate whether Olf-1 / and RPF-1 / ganglion cells also overlapped mostly included in Brn-3b / cells (Xiang et al., 1995) . Olf-1 and RPF-1 are each shown to be expressed in a large populaBrn-3b / cells in the adult mouse retina, adjacent retinal sections were simultaneously stained with specific antibodtion of ganglion cells as well as in a subset of amacrine ies and Sytox (data not shown). The percentage of immuno-P7, and there was also a 1.5-fold reduction in the E12.5 Brn3b 0/0 optic nerve. As ganglion cells are born from E11 to P3 positive cells within the ganglion cell layer was calculated and the large majority of them are generated at E13-E16 based on the total number of cells in the ganglion cell layer (Young, 1985) , these data suggest that a large number of gandetermined by counting nuclei labeled with Sytox. Based glion cells fail to differentiate in Brn-3b 0/0 retinae during the on the percentage of cells labeled by each of the anti-Brnentire period of ganglion cell genesis. Furthermore, Brn-3b is 3b, anti-Olf-1, and anti-RPF-1 antibodies, or a combination likely to be required for early differentiation of postmitotic of any two of them, we found that in the mouse retinal ganglion cell precursors since loss of ganglion cell axons is ganglion cell layer, Olf-1 / cells include nearly all the Brnalready evident in E12.5 Brn-3b 0/0 retinae when ganglion 3b / cells; however, only about half of the RPF-1 / cells overcells just start to be born. lap those positive for Brn-3b.
Ganglion cell differentiation in prenatal Brn-3b 0/0 retinae In a similar distribution in the adult mouse retina, Brnwas also monitored using several specific markers. First, 3a, Olf-1, and RPF-1 were each localized in a large subset retinal sections from Brn-3b 0/0 and control Brn-3b /// or of cells within the ganglion cell layer of control P1 Brn-3b
Brn-3b
//0 animals of the same litter at E13.5-E18.5 were retinae (Figs. 3I, 3M , and 3O), and Brn-3c was found in a examined by immunostaining with anti-Brn-3a and antismaller subset (Fig. 3K) . However, in the Brn-3b 0/0 retinae, Brn-3c (Fig. 5) . Compared to the control retinae, both Brnanti-Brn-3a, anti-Brn-3c, and anti-Olf-1 stained approxi3a / and Brn-3c / cells were reduced approximately four-to mately four-to sixfold fewer cells within the ganglion cell sixfold in embryonic Brn-3b 0/0 retinae at all the stages exlayer (Figs. 3I-3N) , and anti-RPF-1 labeled two-to threefold amined, which included E14.5 not shown in Fig. 5 . Therefewer cells (Figs. 3O and 3P) . Therefore, by P1 there is a fore, the ganglion cells normally positive for Brn-3b failed marked reduction in Brn-3b 0/0 retinae in the number of to properly differentiate in Brn-3b 0/0 retinae at ages as early cells positive for Brn-3a, Brn-3c, Olf-1, and RPF-1, which as E13.5, consistent with the observed loss of ganglion cell are normally coexpressed, to varying degrees, with Brn-3b.
axons at these early embryonic stages (Fig. 4) . Since in BrnTaken together, these data suggested that the 70% of gan3b 0/0 retinae, Brn-3a / and Brn-3c / ganglion cells were both glion cells which would normally express Brn-3b were abobserved beginning at E13.5 when Brn-3a and -3c just started sent in neonatal and early postnatal Brn-3b 0/0 retinae and to express in the wild-type retina (Figs. 1 and 5) , deletion of that the onset of ganglion cell loss occurred prenatally.
the Brn-3b gene did not appear to delay their expression.
The diminution of ganglion cell differentiation in embry- (Fig. 6 ). In Brn-3b //0 retinae, both Olf-1 and RPF-1 initiated their expression in the ganAs an output neuron, each retinal ganglion cell forms an glion cell layer of the central region at E12.5, and their axon that projects to the brain via the optic nerve. Thus, expression spread and persisted in a large set of cells within the hallmark of retinal ganglion cell differentiation is the the ganglion cell layer in later embryonic stages. However, formation of projecting axons, and a decrease in the optic unlike Brn-3b, neither showed any expression in the postminerve size would indicate a reduction in axon number and totic ganglion cell precursors in the ventricular zone. Nevertherefore failure of ganglion cell differentiation. In adult theless, Olf-1 and RPF-1 were the earliest ganglion cell Brn-3b 0/0 mice, the optic nerve was shown to be severalfold markers available following Brn-3b, as Brn-3a and -3c initismaller than that of Brn-3b /// mice . To ated their expression at E13.5 (Fig. 1) . In corresponding determine morphologically whether the ganglion cells that stages of Brn-3b 0/0 retinae, there was again a four-to sixfold would normally express Brn-3b fail to differentiate in prenareduction in the number of Olf-1 / cells and a more modest tal Brn-3b 0/0 retinae, optic nerves of Brn-3b 0/0 and control about twofold reduction in the number of RPF-1 / cells (Fig.  Brn-3b //0 animals in a range of developmental stages (E12.5-6). In Brn-3b 0/0 embryos, the loss of Olf-1 / and RPF-1 / cells P7) were examined by cresyl violet staining (Fig. 4) . In both was specific to the retina, since elsewhere in the nervous prenatal and early postnatal Brn-3b 0/0 mice, the optic nerve system (e.g., olfactory epithelium or medial hebanula), Olfsize was consistently diminished compared with the control 1 and RPF-1 showed proper expression (data not shown). mice. For instance, the optic nerves from E15.5 and P1 BrnBecause the fold decreases in the number of Brn-3a / , Brn3b 0/0 mice both showed an approximate 2-fold reduction in 3c
Decrease in Ganglion Cell Differentiation Is
, and RPF-1 / cells in Brn-3b 0/0 retinae were simicross sectional size (Figs. 4A -4D ). This decrease of optic lar in all developmental stages observed, beginning E12.5 nerve size agreed well with the observed diminution of Thythrough adulthood, it appeared likely that all the postmi-1 immunoreactivity in early postnatal Brn-3b , 1996) . Thereor degenerate by apoptosis. However, there is no evidence for conversion of the Brn-3b / ganglion cells into other fore, the possibility of increased apoptotic cell death in the developing Brn-3b 0/0 retinae was investigated using cell types, since instead of showing an increase in the number of cells in other retinal layers, the Brn-3b 0/0 retthe TUNEL method. At embryonic stages E12.5, E13.5, and E15.5, both Brnina has a slight reduction in the number of nuclei in both the outer and the inner nuclear layers; in addition, the 3b 0/0 and control Brn-3b //0 retinae showed a similar low level of TUNEL-labeled nuclei (Figs. 7A, 7B , and 7G). At numbers of dopaminergic and GABA (g-aminobutyric 0/0 embryonic retinae. Retinal sections from Brn-3b 0/0 and control Brn-3b //0 embryos at the indicated developmental stages were immunostained with anti-Brn-3a (A-H) and anti-Brn-3c (I-P). At E13.5-E18.5, the number of cells immunolabeled by anti-Brn-3a or anti-Brn-3c in Brn-3b 0/0 retinae is reduced four-to sixfold compared with control Brn-3b //0 retinae. Scale bar, 25 mm.
FIG. 5. Loss of cells immunoreactive for
stages E18.5, P0, and P1, however, an average 60% increase stages (Figs. 7C, 7E , and 7G), in good agreement with earlier observations in the wild-type retinae (Young, 1984 ; Chang in the number of TUNEL-labeled cells was observed in the ganglion cell layer within Brn-3b 0/0 retinae, and in the venet al., 1993; Portera-Cailliau et al., 1994) . That apoptotic cell death is significantly elevated within the Brn-3b 0/0 ganglion tricular zone (non-ganglion cell layer), an average 30% increase was observed (Figs. 7C, 7D , and 7G). At P4 and P7, cell layer at E18.5, P0, and P1 suggests that the ganglion cell precursors normally fated to become Brn-3b / cells could no significant difference was observed in the number of TU-NEL-labeled cells within both the ganglion and the nonmigrate into the ganglion cell layer and survive until perinatal and early postnatal stages, followed by degeneraganglion cell layers between Brn-3b 0/0 and control Brn-3b //0 retinae (Figs. 7E-7G ). However, there was a more tion via apoptosis during this period. In consistency with this proposition, retinal cells that were destined to express than 10-fold increase in the total number of apoptotic cells in the inner nuclear layer and a slight increase in the ganBrn-3b were found to persist into early postnatal stages in Brn-3b 0/0 mice with the Brn-3b coding region replaced by glion cell layer in Brn-3b //0 retinae compared with perinatal lacZ (Xiang et al., 1998) . The 30% increase in apoptosis early differentiation of ganglion cells. First, the experiments reported here show that Brn-3b initiates its expreswithin the outer layer could explain the slight loss of nuclei sion around E11.5 in the retina, 2 days before the onset of in the outer and inner nuclear layers of the adult Brn-3b
Brn-3a and -3c expression in the differentiated ganglion retina . cells. Therefore, Brn-3b expression is temporally concomitant with the beginning of ganglion cell birth. Second, Brn-
DISCUSSION
3b appears first in postmitotic ganglion cell precursors
Spatiotemporal Expression Patterns of Brn-3
streaming toward the ganglion cell layer, spatially concur-
Family and Other Transcription Factors in Retinal
rent with the initial genesis of ganglion cells in the venGanglion Cells tricular zone. Third, the number of Brn-3b / cells in the Several salient features of the Brn-3b expression pattern ventricular zone peaks around E13.5 -E16.5, corresponding to a time during which most of the ganglion cells are during murine retinogenesis suggest a role for Brn-3b in produced (Young, 1985) . This close spatiotemporal correlation between Brn-3b expression and generation of ganglion cells could explain why Brn-3b is the only member of the Brn-3 family that is required for retinal ganglion cell development Erkman et al., 1996; McEvilly et al., 1996; Xiang et al., 1996 Xiang et al., , 1997 . The absence of any overt developmental defects in Brn-3a 0/0 and Brn-3c 0/0 retinae could be simply because Brn-3a and -3c are not expressed in the right place at the right time to play a role in early differentiation of retinal ganglion cells. However, there still could be functional redundancy among the Brn-3 factors in retinal ganglion cell differentiation. One possibility is that Brn-3b can take over the function of Brn-3a and -3c, while the converse is not true due only to the belated expression of Brn-3a and -3c during ganglion cell genesis.
The temporal and spatial sequence of expression is also an important indicator for the function of other transcription factors in the development of retinal ganglion cells. The POU domain factor RPF-1 and HLH factor Olf-1/EBF are each expressed in a large subset of ganglion cells beginning at E12.5, but neither shows any expression in the ganglion cell precursors of the ventricular zone ( Fig. 6 ; Davis and Reed, 1996) . Consequently, the retina develops normally in mice deficient for either gene (Lin and Grosschedl, 1995 ; Hao Zhou and Jeremy Nathans, personal communication). Mice deficient for the homeodomain gene Isl-1, which is also localized in a subset of ganglion cells in the adult retina, show similar normal retinal development (Thor et al., 1991; Pfaff et al., 1996) . It will be of interest to know whether Isl-1 has any expression in the ganglion cell precursors. On the other hand, mutations in the homeodomain factors Pax6 (Hill et al., 1991) , Chx10 (Burmeister et al., 1996) , and Rx (Mathers et al., 1997) and in the bHLH factor HES1 (Tomita et al., 1996) , which are all expressed in dividing retinal progenitors, have profound effects, either negative or positive, on retinogenesis, including the generation of ganglion cells.
Based on the data accumulated in the literature and presented here, transcription factors expressed in the retina can be grouped into three classes according to their spatiotemporal expression patterns. The first class consists of those that commence their expression in mitotic retinal progenitors and affect proliferation and/or subsequent differentiation of progenitors (e.g., Pax6), the second class has onset expression in postmitotic retinal progenitors and controls initial and/or terminal differentiation of retinal cells (e.g., Brn-3b), and the third class initiates their expression only in at least partially differentiated cells (e.g., . Although the function of the third class is still unknown, they could be involved in terminal differentiawith the additional loss of Ç10% of total nuclei in both the outer and the inner nuclear layers seen in the Brn-3b 0/ tion of various retinal cell types. It will be interesting to know the relationship of these three classes of transcrip-0 retina . The observed loss of ganglion cells in embryonic Brn-3b 0/0 tion factors and how they combine to control specification and differentiation of various retinal cell types such as the retinae appears most likely to result from a failure for the 70% of postmitotic ganglion cell precursors to properly difganglion cells.
ferentiate. As the undifferentiated postmitotic ganglion cell precursors may be able to migrate into the ganglion cell in Brn-3b 0/0 retinae, there may be no loss in the total numRetina ber of cells within the ganglion cell layer at embryonic stages. Therefore, counting the total number of cells in the The data presented here indicate a significant reduction ganglion cell layer alone cannot serve as a reliable criterion of ganglion cell differentiation in Brn-3b 0/0 retinae from to conclude whether there is a ganglion cell loss in the E12.5 to early postnatal stages, as judged by the loss of retina. The earlier suggestion that the onset of ganglion cells positive for several available ganglion cell markers, cell loss occurred postnatally in Brn-3b 0/0 retinae could be which include transcription factors Brn-3a, Brn-3c, Olf-1, explained because the total number of cells was used as a and RPF-1, as well as a structural protein, Thy-1. A twofold sole criterion (Erkman et al., 1996) . reduction in the optic nerve size of Brn-3b 0/0 mice from Several lines of evidence suggest that the postmitotic E12.5 to P7 confirms this decrease of ganglion cell differenganglion cell precursors that would normally become Brntiation. Finally, histochemical labeling with cresyl violet 3b / cells are likely to be committed to the ganglion cell and Sytox can readily discern cell loss within the ganglion fate even though they fail to differentiate into ganglion cell layer of Brn-3b 0/0 retinae by neonatal and early postnacells in Brn-3b 0/0 retinae. First, no obvious cell fate tal stages. Therefore, retinal ganglion cells start to get lost change has been observed in Brn-3b 0/0 retinae. In Brnin prenatal stages rather than postnatally. The coincidence 3b 0/0 retinae, there is no increase in the number of other between the onset of ganglion cell loss and the beginning cell types such as dopaminergic and GABAergic amacrine of ganglion cell birth in Brn-3b 0/0 retinae further implicells , and the data presented here do cates an essential role for Brn-3b in initial steps of ganglion not show any increase in the number of Olf-1 / and RPFcell differentiation.
Decrease in Ganglion Cell
1 / amacrine cells (Figs. 3 and 6) . Second, the prominent Most, if not all, of the 70% of the postmitotic ganglion increase of apoptotic cell death within the ganglion cell cell precursors fated to become the Brn-3b / ganglion cells layer at perinatal and early postnatal stages suggests that appear to degenerate by apoptosis in Brn-3b 0/0 retinae durthe undifferentiated ganglion cell precursors die instead ing the perinatal and early postnatal period. This is because of change fate in Brn-3b 0/0 retinae. In addition, the undifin Brn-3b 0/0 retinae, only at E18.5, P0, and P1 is a signififerentiated ganglion cell precursors behave like differenticant increase in apoptotic cell death observed. Since on ating precursors as they appear to be able to migrate into average, there is a twofold more increase in the number of the ganglion cell layer before dying in Brn-3b 0/0 retinae. apoptotic cells in the ganglion cell layer (Ç60%) compared Third, it is suggested that the fate of retinal ganglion cells to the outer layer (Ç30%), it is likely that the undifferentimay be determined before or during mitosis, as ganglion ated ganglion cell precursors in Brn-3b 0/0 retinae can micell differentiation occurs in less than 15 min following grate into the ganglion cell layer and survive until late the final mitosis in the chick retina (Waid and McLoon, embryonic and early postnatal stages. This is supported by 1995). Thus, unlike its nematode homolog Unc-86, whose the finding that retinal cells that would normally express mutations result in transformation of cell fates (Chalfie Brn-3b can persist into early postnatal stages in Brn-3b , 1981) , deletion of Brn-3b in mice does not appear mice (Xiang et al., 1998) . There are at least two possible to cause cell fate alteration, but rather causes failure of explanations for the increase of cell death in the ventricucell differentiation and ultimately cell death. lar zone of Brn-3b 0/0 retinae: (1) degeneration of cells other than the ganglion cell secondary to the decrease in ganglion cell differentiation and (2) degeneration of a small
Model for the Role of Brn-3b in Retinal Ganglion
number of undifferentiated ganglion cell precursors unable
Cell Development
to migrate into the ganglion cell layer. Ganglion cells are the first retinal cell type to be generated and are believed Given that in Brn-3b 0/0 retinae, Ç70% of ganglion cells are lost while the remaining 30% are properly differentito influence the production of later born cell types. Thus, the absence of 70% of ganglion cells are likely to cause ated Erkman et al., 1996) , I propose that ganglion cells in the murine retina develop in two cell death in the outer layer of Brn-3b 0/0 retinae possibly due to depletion of insufficient amount of essential surseparate differentiation pathways -Brn-3b dependent and Brn-3b independent (Fig. 8 ). In this model, approxivival factors (e.g., neurotrophic factors) secreted by the remaining ganglion cells. In fact, this would be consistent mately 70% of the ganglion cells follow the Brn-3b-
FIG. 8.
Model for Brn-3b in retinal ganglion cell development. Brn-3b may be required for early differentiation of Ç70% of retinal ganglion cells from postmitotic ganglion cell precursors. The initially generated ganglion cells in the ventricular zone (VZ) are apolar, then become bipolar while migrating toward the future ganglion cell layer (GCL). Once reaching the GCL, they are multipolar, with dendrites and a single axon. In the Brn-3b 0/0 retina, only 30%, the Brn-3b-independent ganglion cells, are generated. The undifferentiated postmitotic ganglion cell precursors may migrate into the GCL and then degenerate by apoptosis (denoted by X). dependent differentiation pathway, and the other 30% pathway remains unperturbed. Therefore, the Brn-3b 0/0 retina can still retain Ç30% of properly differentiated employ the Brn-3b-independent mechanism. During retinogenesis, certain proliferating progenitors in the venganglion cells. tricular zone give rise to postmitotic ganglion cell precursors that are committed to the ganglion cell fate. Approximately 70% of these postmitotic precursors are induced
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